Introduction
There is increasing evidence to suggest that changes in metabolic fuel availability and associated endocrine status are important determinants in the signaling of metabolic status to the reproductive axis (I'Anson et al., 1991; Foxcroft, 1992; Wade and Schneider, 1992) and involve both central and local ovarian effects . Evidence for effects of nutrition and metabolic state in the lactating and weaned sow comes from studies by Baidoo et al. (1992) and Tokach et al. (1992) and has been recently reviewed by Quesnel and Prunier (1995) .
Previous studies have addressed the concept that relative nutritional states are important determinants in reproduction. For example, "skip a heat" breeding of weaned primiparous sows increases the number of piglets born in the second litter, and Clowes et al. (1994) demonstrated that the observed increase in litter size was associated with the sow approaching a relatively less catabolic state in the weaning-tobreeding period.
The study reported here was undertaken to test the hypothesis that the pattern of change in metabolic status during lactation would have a critical effect on postweaning fertility and fecundity and also to identify the endocrine mechanisms mediating these effects. 
Materials and Methods
At farrowing, 26 primiparous Camborough sows (Pig Improvement [Canada] Ltd), randomly stratified according to sow weight at farrowing and the number of piglets born, were allocated to one of three treatments. All sows were fed three times daily at 0800, 1200, and 1500 throughout a 28-d lactation (27.8 ± .5 d ) with a wheat-barley-soybean diet formulated to provide 13.4 MJ of ME/kg, 15.4% crude protein, and .74% lysine (see Table 1 ). Sows allocated to group AA ( n = 9 ) were fed to appetite throughout lactation. Group AR ( n = 9 ) sows were fed to appetite from farrowing until d 21 and then restricted to 50% of the average consumption of the sows fed to appetite from d 22 to 28. Group RA ( n = 8 ) sows were restricted to 50% of the feed consumed by sows fed to appetite from farrowing until d 21 and then fed to appetite from d 22 to 28. All food consumption was determined on a per-meal basis. Water was available ad libitum to both the sow and piglets throughout the experimental period. To optimize the potential for nutritionally induced changes in LH, during lactation all litters were standardized to six piglets within 24 h of farrowing . Creep feed was not available. Sow weight and backfat (Scanoprobe II, Scano, Ithaca, NY) and litter weights were recorded at weekly intervals throughout lactation. From weaning until slaughter all sows were allowed to consume their diets on an ad libitum basis. The diet was formulated to provide 13.4 MJ of ME/kg, 13.7% crude protein, and .56% lysine.
After weaning, sows were tested twice daily, at 0700 and 1900, for the onset of standing estrus using direct exposure to a vasectomized boar for 15 min. At 12 and 24 h after the onset of estrus sows were artificially inseminated, by one of two inseminators, using pooled semen ( 3 × 10 9 spermatozoa/dose) from the same three boars (Alberta Swine Genetics Corp., Leduc, Alberta). The day of standing heat was designated as d 0; sows were slaughtered on d 28 (28 ± 1.2) of gestation at a local abattoir and their reproductive tracts were recovered. The uterine horns were dissected to determine the number of embryos, and ovulation rate was determined by counting the number of corpora lutea on each ovary. The research protocol was approved in accordance with the CCAC.
Blood Sampling
At d 17 of lactation an indwelling jugular catheter was surgically implanted, under general anesthesia, via the superficial cephalic vein (Cosgrove at al., 1993) . Three-milliliter blood samples were withdrawn at 10-min intervals from 0600 to 1800 on d 21 and for 12-h periods before and after weaning at 1800 on d 28 for analysis of LH. Additional 15-mL samples were collected hourly for analysis of IGF-I, insulin, and FSH by RIA. Blood samples were collected into heparinized tubes and centrifuged at 1,500 × g for 15 min. The plasma was decanted and stored at −30°C until analysis.
Estimation of Plasma Hormone Concentrations. For
RIA analysis, all treatment groups were represented in each assay, and all samples from a sow were analyzed in the same assay. Plasma LH and FSH concentrations were determined in duplicate using the homologous double antibody radioimmunoassays previously described by Cosgrove et al. (1991) . For LH, 200 mL of plasma was assayed, the intra-and interassay CV were 7.8% and 11.2%, respectively, and average sensitivity, estimated as 85% of total binding, was .01 ng/tube. For FSH, 300 mL of plasma was assayed, the intraassay CV for the single assay used was 10.3%, and sensitivity, defined as 88% of total binding, was 4.17 ng/tube.
Plasma insulin and IGF-I concentrations were determined in duplicate using the homologous double antibody radioimmunoassays previously described by Cosgrove et al. (1992) . For insulin, 100 mL of plasma was assayed, the intra-and interassay CV were 6.0% and 6.1%, respectively, and sensitivity, defined as 88% of total binding, was .007 ng/tube. For IGF-I, 100 mL of sample was initially extracted, the intra-and interassay CV were 4.8% and 5.1%, respectively, and sensitivity of the assay, defined as 92% of total binding, was .08 ng/tube. Statistical Analysis. All dependent variables were analyzed for normality using the Wilk-Shapiro test (SAS, 1990) . Data for the dependent variables sow weight, backfat, litter weight, LH, FSH, insulin, and IGF-I across day were analyzed by repeated measures analysis of variance, using the repeated measures general linear model (GLM) procedure of SAS (1990) . For all dependent variables sources of variation were treatment, sow within treatment, and the repeated measures of day. Analyses for sow weight, backfat, and litter weight at d 7, 14, 21, and 28 also included, as a covariate, sow weight, backfat, and litter weight (of the remaining six piglets) at farrowing, respectively. Significant differences among treatments were determined using sow within treatment as the error term. In the event of a significant day × treatment interaction, differences among days were determined within treatments. Weaning-to-estrus interval, ovulation rate, and embryo survival were analyzed using analysis of variance, fitting treatment as the main effect and using sow within treatment as the error term. Differences among treatment means were determined using Duncan's multiple range test (SAS, 1990) . Comparisons of plasma insulin concentrations among treatment groups on d 21 and 28 were made using means from two time periods: preprandial ( 2 h before the morning feed) and postprandial (1st to 10th h after morning feed). After weaning means of all 11 hourly samples were used in the analysis.
Episodic LH frequency was determined by visual appraisal using the method of McLeod and Craighon (1985) and the pulse definition used by Cosgrove et al. (1991) .
Results
Sow body weight and backfat did not differ ( P > .05) among treatment groups at farrowing (Table 2) . Feed consumption to appetite by AA and AR sows increased from farrowing to d 21, and group AA sows further increased their feed consumption until weaning ( P < .001). All sows exhibited a loss of body weight and backfat from farrowing to d 21 ( P < .01). At d 21 body weight and backfat of group RA sows were lower than those of group AA or AR sows ( P < .001). As a consequence of the change in feed consumption between d 22 and 28 in group AR and RA sows, weight and backfat in group AR sows at d 28 was not different from that in groups AA or RA; however, group RA sows' weight and backfat were still lower ( P < .05) than those of group AA. Overall, during lactation, the amount of weight and backfat loss by group AR and RA sows did not differ ( P > .05) and both were greater than losses by group AA sows ( P < .05). Overall piglet growth rate was 253 ± 10 g/d and did not differ among treatment groups.
There was a significant day × treatment interaction ( P < .005) for mean plasma insulin concentration. Analysis of treatment by day revealed that postprandial mean plasma insulin concentration remained similar to d 21 and d 28 for group AA, but it was lower ( P < .05) at d 28 than at d 21 for group AR sows and higher ( P < .05, for both) at d 28 than at d 21 for group RA sows. In response to weaning, mean plasma insulin concentration decreased ( P < .05) for both group AA and RA sows and remained unchanged for AR sows when compared to d 28 of lactation. Analysis of treatment within day revealed no differences in preprandial mean plasma insulin concentration at d 21 or d 28 ( P > .1), as shown in Table 3 . Postprandial mean plasma insulin concentration at d 21 was lower ( P < .05) for group RA than for group AA, but neither was different from group AR sows. At d 28, mean plasma insulin concentration did not differ among treatment groups. After weaning no differences in mean plasma insulin concentrations were observed among treatments. Regression analysis established an association between postprandial mean plasma insulin concentration at both d 21 and d 28 of lactation and mean feed intake ( d 21: r = .62, P < .001; d 28: r = .59, P < .003).
There was a significant day × treatment interaction for mean plasma IGF-I ( P < .001). Mean plasma IGF-I concentration was similar at d 21 and d 28 of lactation for group AA sows, whereas mean plasma IGF-I concentration from d 21 to 28 decreased ( P < .001) in group AR and increased ( P < .05) in group RA sows. After weaning, mean plasma IGF-I concentration was not different from d-28 values. Analysis of treatment within day revealed that mean plasma IGF-I concentration at d 21 was lower ( P < .01) in group RA sows than in the remaining groups. At d 28 mean plasma IGF-I concentration was lower ( P < .01) in AR sows than in groups AA or RA and remained lower after weaning ( P < .05).
There was a day × treatment interaction for LH pulse frequency ( P < .002) and mean plasma LH concentration ( P < .003) during lactation. Feed restriction of AR sows tended to decrease LH pulse frequency ( P < .1) and significantly ( P < .01) decreased mean plasma LH concentration. Conversely, refeeding of group RA sows increased ( P < .02) episodic LH release frequency and mean plasma LH concentration ( P < .03). Continued feeding to appetite in group AA sows had no effect on LH pulse frequency ( P < .25) or mean plasma LH concentration ( P > .96) (see Table 4 and Figure 1 ). Analysis of treatment within day revealed that d-21 LH pulse frequency and mean plasma LH concentration were lower ( P < .03 and P < .1, respectively) in RA than in AA or AR sows. At d 28 LH pulse frequency was greater ( P < .05) in RA sows than in AA sows, and neither was different from that in AR sows. Mean plasma LH concentration at d 28 was greater ( P < .05) in RA sows than in AR sows, and neither was different from that in AA sows. Irrespective of treatment, all sows exhibited an increase in both LH pulse frequency ( P < .001) and mean LH concentration ( P < .001) in response to weaning (Figure 2 ). There were no significant treatment or interaction effects on mean plasma FSH concentration. All treatment groups exhibited an increase ( P < .02) in mean plasma FSH concentration after weaning. Periods of feed restriction resulted in Table 2 . Mean (± SE) feed intake, sow body weight, and backfat and litter weights at weekly intervals during lactation a AA, AR, and RA = sows with different patterns of feed intake during d 1 to 28 of lactation. AA = sows receiving feed intake to appetite from d 1 to 28, AR = sows receiving feed intake to appetite from d 1 to 28 then 50% of "to appetite feed" intake from d 22 to 28, RA = sows receiving 50% "to appetite" feed intake from d 1 to 21, then feed intake "to appetite" from d 22 to 28.
b,c Means within rows lacking a common superscript letter differ ( P < .05).
Treatment a
Item AA ( n = 9 ) AR ( n = 9 ) RA ( n = 8 ) an extended weaning-to-estrus interval ( P < .05) and a reduction in ovulation rate ( P < .05). Finally, embryo survival was lower ( P < .01) in AR sows than in AA or RA sows.
Discussion
Differential sow weight and backfat changes were achieved by the feeding regimen imposed. Mobilization of approximately 12 kg of body tissue and 3 mm of backfat in AA sows is consistent with other studies (King and Williams, 1984; Esbenshade et al., 1985) and would include both fat and muscle catabolism (Mullan and Williams, 1990) . In comparison, group AR and RA lost approximately 22 kg of body weight and 5 mm of backfat over lactation. Consistent with the data reported by Prunier et al. (1993) , Armstrong et al. (1986) , and Baidoo (1989) , no treatment differences were observed in litter weight gains despite the differing pattern of weight and backfat losses in AR and RA sows. Thus, as suggested by Aherne et al. (1991) , the partitioning of nutrients during lactation is prioritized toward milk production at the expense of catabolizing maternal tissue. The differences we observed in postweaning reproduction are due, therefore, to the extent and timing of catabolic losses during lactation. Data arising from a comparable study in the postpartum dairy cow clearly demonstrated that dynamic changes in energy balance, toward a relatively less catabolic state, were correlated with the days to first ovulation (Zurek et al., 1995) . Consistent with previous studies in the lactating sow, periods of feed restriction reduced plasma insulin Koketsu, 1994) and IGF-I concentration (Tokach et al., 1993) .
Generally LH secretion in the lactating sow is considered to be predominantly controlled by the suckling stimulus (Foxcroft, 1992) . In particular, demonstrated that mean plasma LH concentration before weaning was dependent on the number of piglets suckling ( 6 vs 12) and not on feed intake ( 3 kg vs 6 kg per day). The present experimental model was designed to allow for dynamic changes in metabolic status to be investigated in a situation in which the suckling-induced suppression of LH was reduced by standardizing litters to six piglets.
The data presented clearly demonstrate that irrespective of the suckling-induced suppression of LH secretion, feed restriction for a period of 7 d (Group AR) Table 3 . Mean (± SE) pre-and postprandial plasma insulin concentration and mean IGF-I at day 21 and before and after weaning at day 28 of lactation a AA, AR, and RA = sows with different patterns of feed intake during d 1 to 28 of lactation. AA = sows receiving feed intake to appetite from d 1 to 28, AR = sows receiving feed intake "to appetite" from d 1 to 21 then 50% of "to appetite" feed intake from d 22 to 28, RA = sows receiving 50% "to appetite" feed intake from d 1 to 21, then feed intake "to appetite" from d 22 to 28.
b,c Means within a row lacking a common superscript letter differ ( P < .05).
Treatment a
Item AA ( n = 9 ) AR ( n = 9 ) RA ( n = 8 ) Table 4 . Mean (± SE) plasma LH concentration (ng/mL) and LH pulse frequency (per 12 hours) at days 21 and 28, before and after weaning, weaning to estrus interval (WEI, h), ovulation rate (OR), and embryo survival (ESR, %) a AA, AR and, RA = sows with different patterns of feed intake during d 1 to 28 of lactation. AA = sows receiving feed intake to appetite from d 1 to 28; AR = sows receiving feed intake "to appetite" from d 1 to 21 then 50% of "to appetite" feed intake from d 22 to 28; RA = sows receiving 50% "to appetite" feed intake from d 1 to 21, then feed intake "to appetite" from d 22 to 28.
Item AA ( n = 9 ) AR ( n = 9 ) RA ( n = 8 ) Koketsu (1994) and to the results of the study by King and Martin (1989) , in which sows fed highprotein (175 g/d) compared to low-protein (103 g/d) isocaloric diets during a 22-d lactation exhibited greater mean LH concentration. In the present experimental model in which periods of feed restriction reduced LH pulsatile release when compared to periods of feeding to appetite, it is important to remember that even animals fed to appetite were in varying states of catabolism.
The results presented here and by Koketsu (1994) have clearly demonstrated that in the sow, LH is affected by dynamic changes in nutritional status during lactation and this may affect fertility after weaning. Group AR sows exposed to just 1 wk of increased catabolism before weaning and RA sows initially restricted and then fed to appetite experienced an extended weaning-to-estrus interval compared to those maintained on a high plane of feeding, although the pattern of LH secretion in lactation was quite different in the two restrictively fed groups. In contrast to data arising from other laboratories (Koketsu, 1994) , the increase in the weaning-to-estrus interval in our study was very marginal, and this may have important consequences for treatment effects on ovulation rate.
To our knowledge, the significant decrease in ovulation rate associated with periods of restricted feeding during lactation in the present experiment has not been observed in previous studies in the sow. A trend for lower (16 vs 20) ovulation rates was noted in sows that lost over 25 kg of body weight compared to those that lost less than 10 kg during lactation (Rojkittikhun et al., 1992) . Interestingly, in both these experiments the weaning-to-estrus interval associated with increased body weight loss was not great (4.5 vs 5, and 7 vs 4 d, respectively), whereas other researchers have typically reported increases in the weaning-to-estrus interval of 10 d or more in catabolic sows (Koketsu, 1994) . Thus, the reported lack of an effect of nutritional status on ovulation rate in many previous studies in the lactating and weaned sow may be analogous to the phenomenon of "skip a heat breeding," in which there is an increase in litter size when primiparous sows are bred at second as opposed to first postweaning estrus (Clowes et al., 1994) .
Metabolic effects on ovulation rate may involve important ovarian mechanisms, as recently reviewed by Gaudice (1992) and Ojeda and Dissen (1994) . As an extension of earlier studies indicating that insulin could affect ovulation rate by regulating follicular atresia in the follicular phase (Cox et al., 1987) , a streptozotocin-induced diabetic gilt model was used by Meurer et al. (1991) to investigate the role of insulin in recruitment of preovulatory follicles. The number of follicles greater than 3 mm, recovered at 75 h after PMSG, was found to be similar in both diabetic and control animals in which insulin treatment was maintained; however, the number of atretic follicles in diabetic gilts was greater than in the control. These differences in follicular development were not associated with changes in gonadotropin concentrations. Similarly, in the prepubertal gilt model (Cosgrove et al., 1992 ) 5 d of realimentation affected follicular development, independent of changes in LH.
Based on studies in the prepubertal gilt (Morbeck et al., 1992) , the estimated time for an antral follicle to mature to the preovulatory size in the pig is 19 d. Thus, transient changes in nutritional status during lactation may result in "imprinting" of the follicles and affect ovulation rate and embryo survival. Analysis of presumptive preovulatory follicles (as based on expected ovulation rates and weaning to estrus interval) collected 48 h after weaning in primiparous sows demonstrated a large degree of maturational heterogeneity (Foxcroft et al., 1987) . Thus, the developmental potential of the follicles recruited into the ovulatory pool after weaning in the present study, combined with the relatively short weaning-to-estrus interval, may have resulted in preovulatory follicles maturing in relatively adverse metabolic conditions. Similarly, the maturational state of the oocyte at the time of ovulation and hence developmental competence may also be affected. This possibility is the basis of an ongoing experiment.
The significant decrease in embryo survival associated with increased catabolic status prior to weaning is consistent with those data of Kirkwood et al. (1987) and Baidoo (1989) in which restricting the feed of second-parity sows to 3 kg per day reduced embryo survival to approximately 64%, compared to 87% for those fed to appetite. The role of progesterone as a mediator of embryo survival has been suggested by Aherne and Kirkwood (1985) and, in the gilt, progesterone concentrations 72 h after mating are correlated with embryonic survival rates (Jindal et al., 1996) . Evidence for similar associations in the sow in which increased catabolism immediately before weaning has detrimental effects on embryonic survival would be interesting.
In conclusion, therefore, the present experimental model seems to have produced an almost unique effect in that the pattern of metabolic change in lactation produced differential effects on ovulation rate and embryo survival. The collective data clearly confirm that metabolism has both central effects on gonadotropin secretion and potential local effects on the ovary. Collectively, these effects may result in an imprinting effect on the ovary that may affect fertility and fecundity for some time after weaning. In addition, some of the metabolic sequelae of lactational catabolism, such as changes in IGF-I status, persist into the preovulatory period when sows return to estrus relatively soon after weaning, and these may continue to affect ovarian function.
Implications
The pattern of metabolic change evidenced by weight and backfat loss and endocrine status in restrictively fed sows produced differing effects on the reproductive axis in the present study, although the net losses were similar among treatments. Thus, in practice, targeting some particular change in body condition score over the whole of the lactation period may not be very helpful if sow management leads to increasing catabolism toward the end of lactation.
